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Contributions of biotic (cell-mediated) and abiotic
(mineral-mediated) reactions to carbon tetrachloride (CT)
transformation were studied in a model iron-reducing system
that used hydrous ferric oxide (HFO) as the electron
acceptor, acetate as the substrate, and Geobacter
metallireducens as a representative dissimilative iron-
reducing bacteria (DIRB). Over a period of 2—3 weeks,
nanoscale magnetite particles, Fe;O4, were consistently
formed as a product of iron respiration in this system. CT
transformation rates were measured independently in
resting cell suspensions of G. metallireducens or in
suspensions of washed magnetite particles recovered
from spent cultures. Protein and surface area-normalized
expressions were derived for the biotic and abiotic
reaction rates, respectively. Using the yield of total protein
and magnetite surface area formed during growth in the
model system as a basis for comparison, the mineral-mediated
(abiotic) reaction was estimated to be 60—260-fold faster
than the biotic reaction throughout the incubation period. We
conclude that G. metallireducensinduces CT transformation
in this system primarily through the formation of reactive
mineral surfaces rather than via co-metabolic mechanisms.
The findings indicate that reactive biogenic minerals
could play a significant role in the natural attenuation of
chlorinated solvents in iron-reducing environments. A novel
approach for stimulating reductive transformation of
contaminants may be to enhance the formation of reactive
biogenic minerals in situ.

Introduction

The prevalence of aquifers contaminated with chlorinated
solvents has sparked great interest in developing bioreme-
diation schemes to degrade these pollutants in situ. Carbon
tetrachloride (CT) is one of the most frequently encountered
chlorinated solvent contaminants in groundwaters of the
United States (1). Although relatively stable, and therefore
persistentin the environment, CT has been shown susceptible
to degradation in anaerobic environments by both biotic (2,
3) and abiotic mechanisms (4—7). Much of the research on
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the microbial transformation of CT has focused on the roles
of methanogenic, sulfate-reducing, and nitrate-reducing
bacteria (2, 3, 8—10). In addition, a number of bacteria have
been isolated that directly couple respiration to reductive
dechlorination (halorespiration) (11—13). Another significant
physiological class of microorganisms, the dissimilative iron-
reducing bacteria (DIRB), couple the oxidation of organic
substrates to ferric iron (Fe'') reduction to obtain energy
(iron respiration). Because Fe'" is the predominant electron
acceptor in many aquifer and lake sediments (14—16) and
because DIRB appear ubiquitous in the subsurface (17),
interest has grown in the potential contributions of these
bacteria to the transformation of chlorinated solvents in
anaerobic environments.

The half-reaction reduction potential (E°') for the hy-
drogenolysis of CT under environmentally relevant condi-
tionsisrelatively high (+673 mV), reflecting the fully oxidized
state of carbon and chlorine’s high electronegativity (Figure
1). By comparison, the reduction potentials of common
electron carriers found in anaerobic bacteria are significantly
lower (see Figure 1), indicating that these compounds are
thermodynamically feasible reductants of CT. Such reac-
tions depend on low specificity in the biological reductants
and are termed “co-metabolic” to reflect their fortuitous
nature. Biochemical mechanisms are not, however, the only
means to degrade CT in iron-reducing sediments. As a
consequence of iron respiration, DIRB produce copious
amounts of ferrous iron (Fe') that can accumulate in solu-
tion, adsorb to the surfaces of surrounding minerals, or
become incorporated into new “biogenic” minerals. The half-
reaction reduction potentials associated with these ferrous
iron species also fall well below that required for CT reduction
(Figure 1) (20).

It has long been recognized that both cell-mediated
(biotic) and mineral-mediated (abiotic) reactions may con-
tribute to the reductive transformation of contaminants in
iron-reducing environments (21—23). Yet attempts to quantify
the relative contributions of biotic and abiotic reactions in
these complex systems are rare. To date, the only strictly
biological studies of CT transformation by a DIRB are those
of Picardal et al. (24, 25) and Petrovskis et al. (26), both of
which employed strains of the highly versatile facultative
anaerobe Shewanella putrefaciens. Although the phylogeny
of iron respiration appears broadly distributed among
prokaryotes (17), no other DIRB has yet been reported to
transform CT. Several studies have demonstrated that Fe"
adsorbed to ferric oxides and hydroxides can abiotically
reduce CT whether the source of the Fe" is microbial
reduction (27—30), chemical reduction (29), or direct addition
(27, 28). Working with S. putrefaciens, Kim and Picardal (29)
and Picardal et al. (30) demonstrated that CT transformation
rates increased as much as 10-fold in the presence of ferric
hydroxide solids and correlated this to the formation of
biogenic Fe' adsorbed to mineral surfaces. Abiotic reduction
of CT has also been demonstrated with a variety of Fe'-
containing minerals (4—6, 31—35). The mixed valence iron
oxide magnetite (Fe'"Fe'"',0; = Fe30,4), a common product of
microbial iron reduction, has been shown to reduce CT
(34, 35), nitroaromatics (36—38), and Cr(VI) (39).

The goals of this study were to (i) determine if the DIRB,
G. metallireducens, was capable of directly transforming CT,
(ii) characterize the kinetics of CT transformation by biogenic
magnetite produced by G. metallireducens, and (iii) evaluate
the relative contributions of cell-mediated (biotic) versus
mineral-mediated (abiotic) reactions to the overall trans-
formation of CT in a model iron-reducing system that used
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FIGURE 1. Thermodynamic consideration of the biotic and abiotic
pathways for electron transfer from common microbial electron
donors to chlorinated methanes in an iron-reducing environment.
Half-reaction reduction potentials calculated assuming environ-
mental conditions (pH 7.0, [CI7] = [HCOs~] = [acetate] = [lactate]
= 1073 M, [Fe*'] = 10~° M). Some example electron carriers found
in anaerobic bacteria include ferredoxin ox/red (—390 mV),
NAD*/NADH (=320 mV), cyt-c; ox/red (=290 mV), FAD/FADH
(=220 mV), and menaquinone ox/red (—75 mV) from Madigan et al.
(18). Redox potentials for chlorinated methanes taken from Totten
and Roberts (19).

G. metallireducens and in which magnetite was the primary
mineral product of iron respiration.

Experimental Section

Cell Culturing and Mineral Biogenesis. All operations
requiring strictly anaerobic conditions were performed in
an anaerobic glovebag filled with 98% N, and 2% H, (Coy
Laboratory Products, Ann Arbor, MI). Purified water was
prepared using a Milli-Q plus water system (Millipore Corp.,
Bedford, MA). All chemicals were of ACS or reagent grade.
G. metallireducens was maintained in defined iron-reducing
media (IR media) composed of 100 mM hydrous ferric oxide
(HFO)(s), 10 mM acetate, and trace nutrients in a bicarbonate
buffer (2.5g L NaHCO3, 20% CO,/80% N, headspace, initial
pH 7.0) (40). Fresh media was purged for 30 min with Nz(g)
and then boiled under vacuum at room temperature to
establish anoxic conditions. For resting cell studies, G.
metallireducens was grown in 2-L batches of 50 mM Fe'!'—
citrate media amended with 10 mM acetate and buffered at
pH 7.0 with 25 mM 3-(N-morpholino)-2-hydroxypropane-
sulfonic acid (MOPSO), modified from ref 41. Cells were
harvested at the late exponential phase of growth (Fe' > 45
mM) by centrifugation (8000g, 10 min, 4 °C), washed twice,
then resuspended in anoxic buffer (pH 7.0, 10 mM MOPSO),
and distributed to reaction vials. Unless stated otherwise, all
incubations and kinetic studies were conducted at 30 °C.

Biogenic magnetite (FesO,) was produced in IR media
containing ~200 mM HFO and 20 mM acetate. Formation
of a black magnetic phase was usually evident within 10—20
days after inoculation with G. metallireducens. The solids
were collected magnetically and then washed in fresh anoxic
buffer (pH 7.0, 10 mM MOPSO) with mild sonication to
dislodge cells and cell debris. After four sonication/washes,
the solids were distributed into reaction vials as a slurry.
Three sonication/washes were found sufficient to reduce
the protein content (i.e., biomass) of the solids to below
detection by the protein assay employed (see below).

The bulk proportion of Fe'!'/FeT°T in the biogenic magnetite
was determined by complete digestion of the solids in anoxic
5 N HCI followed by partial neutralization (equal-volume
addition of 4.5 M NaOH) and then determination of Fe' by
the Ferrozine assay (42) and of total iron (Fe™T) by atomic
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absorption spectroscopy. Fe''' was determined by difference.
Specimens for transmission electron microscopy (TEM) were
collected by dipping holey carbon Cu grids into anoxic
aqueous suspensions of the biogenic particles and allowing
the grids to dry in the anaerobic glovebag. Samples were
examined at normal and high resolution on a JEOL JEM-
4000EX high-resolution transmission electron microscope.
Micro-probe crystallographic data were collected using
selected area electron diffraction (SAED). X-ray diffraction
(XRD) analyses were conducted using a Rigaku Rotaflex
rotating anode XRD apparatus (Cu Ko radiation, 40 kV, 100
mA). Freshly collected “wet” XRD samples were mounted on
glass slides in the anaerobic glovebag and then sealed under
tape to prevent sample oxidation during analysis. “Dry” XRD
samples were prepared by freeze-drying and back-filling
under N»(g) to prevent potential oxidation. The dried solids
appeared to be stable in the atmosphere (no visible color
change) and were analyzed without protective tape. Specific
surface area (SSA) measurements were made using a Mi-
cromeritics ASAP 2010 surface area analyzer (Micromeritics
Corp., Norcross, GA) applying the method of Brunauer,
Emmett, and Teller (BET) with N, as the adsorbate gas.

Biomass Measurements. Subsamples of the resting cell
suspensions were collected and frozen (—20 °C) at the
beginning of each biological experiment. Later, cells were
thawed and disrupted by alkaline lysis (pH adjusted to 10.5—
11.5with 1 N NaOH, held 10 minat 70 °C plus 30 simmersion
in a low-energy sonication bath). After centrifugation, the
supernatant was recovered and analyzed for total protein
using the Bradford assay (Bio-Rad Inc.) and bovine serum
albumin (BSA) standards. To correlate protein measurements
to cell density, total protein determinations for freshly
harvested and washed G. metallireducens cells (Fe''—citrate
grown) were compared with direct cell counts using a Petroff-
Hausser bacteria counting chamber and phase contrast
microscopy.

Samples for protein analysis that contained cellsand iron
oxide solids were subjected to the same alkaline lysis protocol
described above. After centrifugation, the supernatant was
decanted, neutralized, freeze-dried, and then resuspended
in 25 mM MOPSO (pH 7.0) containing 2% sodium dodecyl
sulfate (SDS). The resulting suspension was concentrated by
membrane filtration (3 kDa cutoff) (Microcon YM-3, Millipore
Corp., Bedford, MA). The protein concentrate was washed
with 500 «L of Milli-Q water to reduce the SDS concentration
then recovered from the membranes using five sequential
100-uL Milli-Q water rinses. As SDS is known to interfere
with the Bradford assay, the solution was analyzed for total
protein using the Micro-BCA assay (Pierce Chemical Co.).
BCA measurements of protein in G. metallireducens extracts
were, on average, 27% higher than Bradford assay results
and were adjusted down proportionally to make protein
measurements comparable.

Transformation Rate Studies. CT transformation rates
were evaluated in batch reactions using either resting cell
suspensions of G. metallireducens or biogenic magnetite
particles produced by this same strain. Reactions were
conducted in glass serum vials containing a nitrogen head-
space (headspace volume = 53.3—55.6% of the vial volume)
and sealed with gastight Teflon-coated gray butyl rubber
septa. Vials were spiked with an anoxic saturated aqueous
solution of CT, inverted, and incubated in the dark at 30 °C
in areciprocating water bath (300 rpm). Nonreactive controls
containing only buffer and CT were run in parallel. CT and
volatile products were quantified over time by headspace
sampling and direct injection gas chromatography on a
Hewlett-Packard 6890 series GC system fitted with a HP-5
column (30 m x 0.32 mm x 0.25 um) operated isothermally
(30 °C) using flame ionization detection (FID). External
standards were prepared from methanol stocks in gastight



serum vials with the same gas to liquid volume ratio as the
reaction vials. At least 30 min was allowed after spiking with
CT to permit headspace equilibration before collecting the
first sample. The initial CT concentrations (CT,) were
estimated by extrapolating the fitted decay curves tot = 0
h. All reported rate constants were adjusted to account for
the effect of headspace partitioning on the reaction kinetics
using the method described by Butler and Hayes (43). Values
for the dimensionless Henry’s law constant for CT (mol
L™ Ygas/mol L™ %iquia) Were calculated after Gossett (44) (at 30
°C, the value of 1.54 was applied).

To examine strictly biotic CT transformation rates, vials
were prepared in duplicate with resting cell suspensions of
G. metallireducens at 325, 163, 65, and 33 4 2 mg of protein
L~% The vials were amended with 10 mM acetate to ensure
that cells were not reductant-limited prior to CT addition
(CTo =~ 4.0 uM). The effect of initial CT concentration on
biotic transformation rates was examined using a constant
biomass of 294 + 22 mg of protein L=* and CT, ranging from
2 to 40 uM. To determine if Fe'' adsorption on cells affected
transformation rates, ferrous chloride (FeCl,) was added to
resting cell suspensions (pH 7.0, 20 mM MOPSO) to achieve
initial concentrations of approximately 100, 300, and 600 uM
Fe''(aq). After 1 h of mixing, a subsample of each suspension
was collected and analyzed for total ferrous iron. A second
aliquot of the suspension was centrifuged to remove cells
and sampled again. Cell associated Fe'' was calculated by
difference. Vials were then sealed, spiked (CTo ~ 7.5 uM),
and monitored for transformation.

To obtain strictly abiotic CT transformation rates, vials
were prepared in duplicate with biogenic magnetite at mass
loadings of approximately 8, 14, 18, or 24 g L™*. Magnetite
was used from cultures of different ages (124 and 565 days)
to see if mineral reactivity changed with time. The magnetite
particles were washed and resuspended under similar
solution conditions to the cell studies (pH 7.0, 10 mM MOPSO)
with the addition of 100 mM NaClO, for ionic strength
adjustmentand 0.5 mM FeCl, to inhibit desorption of surface
Fe!. Despite the addition of FeCl,, a slow increase in aqueous
ferrous iron was observed in both suspensions. After 7 days,
the percent change in concentration was less than 1% per
day. The vials were then spiked (CTo ~ 19 M) and monitored
for transformation in identical manner to the biological
kinetic studies.

Transformation Rate Studies in Whole Culture. The
combined contributions of biotic and abiotic reactions to
CT transformation were assessed in a whole culture of G.
metallireducens growing in IR media (~160 mM HFO, 20
mM acetate) during the early, middle, and late stages of iron
reduction. At multiple time points, 5.0-mL samples of the
whole culture (cells plus iron oxides) were collected and
transferred as a slurry to gastight serum vials (11.25 mL)
under anaerobic conditions, spiked with CT (CT, ~ 13—15
uM), and monitored for transformation rates as described
above. Parallel 5.0-mL subsamples of the culture slurry were
analyzed for total mineral surface area or total protein as
described above.

Results and Discussion

Product Formation. Chloroform (CF) was the only identified
dechlorination productin the G. metallireducens suspensions,
accounting for 15—30% of the consumed CT. In the abiotic
experiments, the CF yield varied from 35 to 45%. Dichlo-
romethane or chloromethane were not observed in either
the biotic or the abiotic systems. The transformation of CT
via biotic and abiotic pathways in identical systems to those
used in this study resulted in the formation of CF, CHy,, cell-
bound products, and other unidentified products as discussed
elsewhere (35).
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FIGURE 2. (a) CT depletion in resting cell suspension of G.
metallireducens (biomass = 325 + 2 mg of protein L%, CT, = 3.7
#M). (b) Natural-log transformed concentration data. Time points
at which the mixing rate for the vials was increased from 200 to
300 rpm and then from 300 to 400 rpm are indicated. Data points
report the average of duplicate vials. Error bars represent one
standard deviation.

Biotic Transformation of CT by G. metallireducens. The
transformation of CT by resting cells of G. metallireducens
(325 £ 2mgof protein L) isshown in Figure 2a. The linearity
of the log-transformed concentration data (Figure 2b)
suggests that first-order transformation kinetics adequately
describe the rate data (eq 1). The invariance of the pseudo-
first-order decay rate while mixing rates increased from 200
to 400 rpm indicates that gas—liquid mass transfer was not
rate limiting in this system (Figure 2b).

- C:j_(t: = kobsc €y}

No CT transformation was observed in vials containing
only buffer or autoclaved cells. At reaction times longer than
25 h, biotic rates diminished, suggesting loss of cell activity
either by toxicity or starvation (data not shown). For this
reason, the rate analyses for all biotic experiments were
limited to time periods of approximately 25 h or less. Pseudo-
first-order rate constants were determined at each biomass
loading by nonlinear least-squares fitting of the time course
data to eq 1 (SAS/STAT Version 6, SAS Institute Inc., Cary,
NC). After accounting for headspace partitioning, the pseudo-
first-order rate constants were found to be linearly dependent
on G. metallireducens biomass, allowing a biomass-normal-
ized rate constant to be estimated, K'piotic = 3.90 x 1074+ 2.9
x 1075 h~1 (mg of protein)~* L (Figure 3).

If the biotic reaction truly obeys first-order kinetics with
respectto CT, then the rate coefficient should remain constant
regardless of the starting CT concentration. The effect of
initial CT concentration on the protein-normalized pseudo-
first-order rate constants is shown in Figure 4. Although the
plot appears to approach a constant value at high concen-
trations, it is clearly not first-order at low concentrations
(<15 uM). The observed trend in reaction rates can be
explained by invoking a two-site Michaelis—Menten model
of the following form:

ac _ [

at K, 1 C Xo,C + K, X,C 2
where C is the aqueous CT concentration (uM), X, is the
biomass concentration (mg of protein L), v™ is the
maximum specific rate constant for the first (v{"*) or second
(v9'®) reaction site (uM h~* (mg of protein)~* L), and K is the
affinity for CT at the first (K;) or second (K;) reaction site
(uM). The model assumes that the first site has a moderately
high affinity for CT (C = K;) and that the second site has a
low affinity (C < Kjy), thus C is dropped from the denominator
of the second term. Despite the complexity of the biological
reaction, pseudo-first-order rate constants are useful to
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FIGURE 3. Pseudo-first-order rate constants for CT transformation
at various biomass concentrations of G. metallireducens (average
CTo = 4.0 + 0.3 #M). Data points report the average of duplicate
vials. Error bars represent one standard deviation.
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FIGURE 4. Protein-normalized pseudo-first-order rate constants for
CT transformation by G. metallireducens as a function of initial CT
concentration (CTo = 1.7—35.6 uM) (®). Data points report the
average of duplicate vials. Error bars represent one standard
deviation. For comparison, protein-normalized rates from five
additional experiments are also included (O). Solid line shows the
least-squares best fit of eq 3.

enable direct comparisons with the abiotic rate studies.
Protein-normalized pseudo-first-order rate constants can be
estimated by rearrangement of eq 2 as follows:

K _ Kpiotic iy —(dC/dt), _ V;nax N ﬂ -
biotic XO COXO Kl T CO K2

where K'piotic IS the protein-normalized pseudo-first-order rate
constant (h~! (mg of protein)~! L). Values for the kinetic
parameters v = 2.07 x 1073 £ 9.0 x 10~* (uM h~* (mg of
protein)~* L), Ky = 0.51 + 0.96 («M), and vJ"®/K, = 1.64 x
1074 4+ 7.7 x 1075 (h~* (mg of protein)~* L) were estimated
by nonlinear least-squares fitting of eq 3 to the observed
pseudo-first-order rate constants at all starting CT concen-
trations. For comparison, the fitted model is included in
Figure 4.

Most published models of CT co-metabolism assume
either a first-order dependence on CT concentration (9, 26,
45—47) or employ a modification of a one-site Michaelis—
Menten or Monod expression (48, 49). Although the proposed
two-site Michaelis—Menten model is novel in this application,
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FIGURE 5. Comparison of pseudo-first-order rate constants for CT
transformation by G. metallireducens cells at varying loadings of
Fe'' (hiomass = 514 & 19 mg L%, average CTo = 7.7 & 0.7 uM). Data
points report the average of duplicate vials. Error bars represent
one standard deviation. Solid line shows the least-squares best-fit
Freundlich model, [Fe"]ags = Kki[Fe'"]aq", where ks = 5.48 x 10~* and
n=3.00 x 107 Units of [Fe'l.ss and [Fe"]sq are in mmole (mg of
protein)~! and in mM, respectively. See text for discussion of
isotherm.

no mechanistic interpretation should be inferred since no
independent evidence of multiple reaction sites was obtained.
Furthermore, as the reaction is not truly first-order (Figure
4), eq 3 and the fitted rate parameters must be considered
empirical. Nevertheless, the model generates pseudo-first-
order rate constants that are in close agreement with the
experimentally observed values and is therefore useful for
the purposes of this study.

Effect of Fe'' Cell Sorption on CT Transformation Rates.
To investigate the impact of cell-associated Fe'" on CT
transformation kinetics, an Fe'' sorption isotherm and CT
transformation rate study was conducted in resting cell
suspensions of G. metallireducens. Ferrous iron can adsorb
to cells by forming ligand complexes with a variety of surface
functional groups including amino, carboxyl, hydroxyl, and
phosphate groups (50). Fe''-surface complexes can be
stronger reductants than Fe?*(aq) (20) and could potentially
enhance CT transformation. Alternatively, adsorbed Fe'"' may
block reactive sites on the cell surface and inhibit reaction.
Ferrous iron adsorption on cells has been shown to inhibit
Fe'" reduction in Shewanella strains (51, 52).

The cells used in the Fe! sorption study were grown on
Fe'''—citrate media and retained some residual Fe' at the
beginning of the experiment (~3.05 x 10~4 mmol of Fe''/mg
of protein, see Figure 5). As a result of this preassociated
iron, the lowest supernatant concentrations on the isotherm
increased to 0.05 and 0.12 mM Fe''(aq) due to Fe' desorption
from the cells, while the highest two concentrations decreased
due to cell sorption. Assuming that hysteresis was not
significant (53), the data are well-described by a Freundlich
isotherm (Figure 5). CT transformation was monitored in
each suspension over approximately 2 half-lives. The resulting
pseudo-first-order rate constants are also shown in Figure
5. The plot shows no significant change in CT transformation
rates regardless of the amount of Fe'" associated with the
cells. This suggests that ferrous iron sorbed to cells is not a
significant source of CT reactivity. Furthermore, CT depletion
rates were not diminished by ferrous iron sorption, indicating
that Fe" does not block the sites responsible for CT
transformation in G. metallireducens.

Characterization of Biogenic Magnetite. Transmission
electron microscopy of the biogenic magnetite collected at
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FIGURE 6. (a) Transmission electron micrograph of biogenic
magnetite particles. Particle diameters vary between 5 and 30 nm
(mean diameter = 155 + 4.6 nm). (b) Selected area electron
diffraction (SAED) for the same biogenic magnetite particle
agglomerate. The proportional spacing and expected relative
intensities of the 10 most prominent diffraction lines for magnetite
(Fes04) are superimposed for comparison.

565 days revealed that the solids consisted predominantly of
ultra fine particles 5—30 nm in diameter (Figure 6a). Selected
areaelectron diffraction (SAED) of the particles revealed rings
and spots consistent with randomly oriented magnetite
crystals (Figure 6b). No extraneous diffraction lines were
observed, indicating that, within the microprobe analysis
area (~0.2 um?), no other crystal structures were evident.
Unlike SAED, X-ray diffraction provides bulk sample infor-
mation. The XRD results (Figure 7a) show peaks indicative
of magnetite and asecond mineral, siderite (FeCQOg). Siderite
formation has often been reported in carbonate-buffered
iron-reducing cultures (54—57).

The ferrous iron content of the biogenic magnetite (35.1
+ 1.8%) slightly exceeded that expected in stoichiometric
magnetite (33.3% Fe''/Fe™T). This difference can be attributed
to the siderite fraction. Assuming that siderite and magnetite
are the only minerals present and considering the average
error associated with the ferrous extraction analysis (+1.8%),
siderite content could vary from a negligible amount to as
much as 2.8% by mass. Although small, the siderite fraction
had an important effect on Fe'" solubility in the biogenic
magnetite suspensions. Because the resuspension buffer
contained no carbonate, the resulting slurries were under-
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FIGURE 7. X-ray diffraction spectra of biogenic magnetite before
(a) and after (b) long-term washing in anoxic buffer (10 mM MOPSO,
pH 7.0). M = magnetite (Fe;04), S = siderite (FeCOs).

TABLE 1. Potential Contributions of Siderite and Magnetite to
Total Surface Area

particle specific mass surf.

diameter  density  surf.area® fraction fraction
compd (nm) (g/cmd) (m2/g) (%) (%)
FeCO3 1000 3.8 1.58 2.8b 0.1
Fes304 16 5.18 72.4 97.2 99.9

2 Based on spherical particles: SSA = 3/(density x radius). ? Assumes
siderite present at the highest mass percent within the standard error
of the Fe'/FeT°T extraction measurement.

saturated with respect to the solubility product of FeCOs. As
a result, transfer of the biogenic Fe;04/FeCO3; mixture to
MOPSO buffer consistently resulted in a gradual accumula-
tion of Fe''(aq) from siderite dissolution. Evidence to support
this mechanism is shown in Figure 7b, where the XRD of the
biogenic minerals showed near-complete disappearance of
the siderite diffraction peaks after prolonged washing with
the resuspension buffer (10 mM MOPSO, pH 7.0), while
magnetite peaks were preserved.

The BET specific surface areas of biogenic magnetite aged
124 or 565 days were similar, 77.5 4+ 0.3 and 68.9 £ 0.3 m?
g%, respectively. It is instructive to look at the potential
contributions of siderite and magnetite to the total surface
area of the solids. Siderite particles produced in iron-reducing
cultures have previously been described as relatively large
indiameter (1—25um) (55, 57). Using a conservative diameter
for siderite of 1 um and a diameter of 16 nm for the biogenic
magnetite, an average based on particle measurements from
Figure 6a, the percent contributions of each mineral to total
surface area were estimated on the basis of spherical particles
(Table 1). Assuming siderite is present at the estimated upper
limit of 2.8% by mass, magnetite still accounts for 99.9% of
the total surface area. This indicates that, even though siderite
controls Fe' solubility, magnetite remains the predominant
mineral at the solid/solution interface.

Abiotic Transformation of CT by Biogenic FezO,4. The
abiotic transformation of CT followed first-order kinetics
under all test conditions. No reaction was observed in buffer
controls or filtered buffer preequilibrated with the biogenic
solids, indicating that the reaction is surface-mediated.
Plotting the headspace adjusted pseudo-first-order rate
constants against the surface area loading for both magne-
tites, the data collapse to a single linear relationship shown
inFigure 8. The linearity demonstrates that the pseudo-first-
order rate constants are proportional to magnetite surface
area concentration, allowing prediction of the abiotic rate
from the following simple expression:

kabiotic = I('abioticMO (4)
where Kapiotic is the pseudo-first-order rate constant for the
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#M and 670 uM for the 124- and 565-day-old magnetite particles,
respectively (see text for discussion).

2500

mineral-mediated reaction (h™1), K apiotic is the surface area
concentration normalized rate constant = 3.70 x 1075+ 5
x 1077 (h~*m=2L) (from Figure 8), and My is the surface area
concentration of biogenic magnetite (m? L™1). The linearity
also indicates that no significant differences existed in the
surface reactivity of the 565- and 124-day-old magnetites.

Interpretation of the abiotic kinetics requires further
consideration of the solution chemistry in this system. As
discussed earlier, siderite controls Fe''(ag) concentrations in
the biogenic magnetite suspensions through dissolution/
precipitation reactions. By extension, siderite must also
control the activity of surface-adsorbed Fe" through an
appropriate equilibrium relationship. Prior to conducting
the abiotic kinetic studies, the solids were equilibrated in the
fresh buffer for a period of 7 days, at which point the Fe''(aq)
concentrations in suspensions of the 124- and 565-day-old
magnetites had risen to 570 and 670 M, respectively. To the
authors’ knowledge, the only published isotherm for Fe'!
adsorption on magnetite at pH 7.0 is the work of Klausen et
al. (38), who found that equilibrium Fe''(aq) concentrations
over 500 uM correspond to near-saturation of the magnetite
surface. This implies that siderite, through control of Fe''(aq)
concentrations, maintains the magnetite surfaces at near-
saturation coverage of adsorbed Fe'. Pecher et al. (58)
presented evidence that surface precipitation was likely an
important phenomenon at circumneutral pH when Fe"
adsorption on magnetite exceeded 60% of saturation. The
surface area-normalized kinetics for CT transformation by
biogenic magnetite (Figure 8), therefore, likely represent
magnetite reactivity at high Fe''(ads) loadings and may involve
surface precipitates.

Biotic and Abiotic Contributions to CT Transformation
in Whole Cultures. The relative contributions of biotic and
abiotic reactions to CT transformation were assessed when
cells and minerals were present together. Total protein (Xo)
and mineral surface area (Mg) were measured at several time
points in an active iron-reducing culture (Figure 9a) and
substituted into the biomass- and surface area-normalized
rate expressions (egs 3 and 4) to derive pseudo-first-order
rate constants for each reaction (Kpiotic and Kapiotic) (Figure
9b). Growth commenced shortly after inoculation of the IR
mediawith G. metallireducens, reaching a maximum protein
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FIGURE 9. (a) Time course changes in total protein and mineral
surface area concentration during microbial reduction of HFO by
G. metallireducens. See text for discussion of maximum expected
protein yield. (b) Comparison of predicted biotic and abiotic rates
of CT transformation to actual rates observed in the model system
during microbial reduction of HFO by G. metallireducens (average
CTo = 14.2 £ 0.7 uM). Parentheses show the measured fractional
percent of Fe''/Fe™T in the biogenic solids at each sample point.

concentration of 4.0 mg L™ at 257 h of incubation. The
cessation of protein accumulation corresponded well with
a marked decrease in acetate consumption and iron reduc-
tion, consistent with the onset of growth-limiting conditions
(data not shown). The initial SSA for the freeze-dried HFO
was 302 £+ 1.9 m? g%, in close agreement with other studies
of this material (59, 60). After inoculation, the specific surface
areas decreased rapidly and then slowed as microbial iron
reduction became limited. At the end of the incubation period
(1190 h), the SSA was found to be 134 £ 0.3 m? g~*. The final
proportion of Fe''/FeT°T in the biogenic magnetite was found
to be 38.8 4= 1.8% or approximately 60—65 mM Fe'' on a total
concentration basis.

The growth of G. metallireducens on HFO and acetate
was first described by Lovley and Phillips (40), who reported
amaximum cell density of approximately 2.8 x 108 cells mL™*
using nearly identical media. Combining the same protein
extraction/assay used in the kinetic experiments with direct
counts of G. metallireducens bacteria (Fe''—citrate grown),
the average extracted protein was estimated to be 4.5 x 10 1*
+ 1.4 x 107 mg cell* (n = 3). Using this value, the cell yield
of 4.0 mg L™* translates to a maximum cell count of 8.9 x 107
cells mL™1, or approximately 32% of the yield reported by
Lovley and Phillips (40). The low yield may simply indicate
that total protein was underestimated due to extraction
inefficiencies or interference brought about by the presence
of the iron oxide solids. Alternatively, the protein content



per cell may actually be lower when grown on HFO rather
than Fe'''—citrate (61). Normalized by the quantity of iron
reduced, cell yields for DIRB grown on a variety of substrates
and iron oxides are remarkably similar ranging from 2.0 to
6.4 x 10° cells mmol~! Fe" (40, 52, 62—66). By assuming the
highest cell yield for any DIRB (6.4 x 10° cells mmol~! Fe'’)
and applying a protein content of 5.9 x 10~ mg cell™* (highest
value within the standard error for the measurement for
Fe!''—citrate-grown cells), a reasonably conservative esti-
mate of maximum expected protein yield can be calculated
on the basis of total Fe' formed in the IR media. For
comparison, these values are also presented in Figure 9a.
Regardless of any potential inefficiency in the protein
extraction, the same method was applied consistently
throughout the work, therefore, providing a basis for relative
biomass comparisons.

Defining the overall model as the sum of the biotic and
abiotic pseudo-first-order rate constants (Kmodel = Kbiotic +
Kabiotic), Figure 9b reveals the actual measured rates of CT
transformation in whole culture to be approximately 12—
35% lower than predicted. Although the cause of the
discrepancy cannot be determined from these data, we
speculate that buffer effects (HCO3;~ vs MOPSO) or sorption
of cells and organic matter to reactive surface sites may be
responsible. Despite the model overestimation, the results
show that the dechlorination rates in the whole culture can
almost entirely be ascribed to abiotic surface-mediated
reactions, the biotic contribution (based on actual protein
measurements) being approximately 2 orders of magnitude
(40—230-fold) smaller than the observed whole culture rates,
and 60—260-fold smaller than the abiotic model rates (Figure
9b). Estimating the biotic contribution on the basis of the
maximum expected protein yield (approximately 6 times
larger than the measured yield) still predicts a strong
predominance of abiotic reactivity. The close parallel trends
in kopns and mineral surface area concentration also support
the conclusion that mineral surfaces rather than biomass
govern the transformation rates. The proportionality of the
reaction rates to mineral surface area even at the earliest
stages of iron reduction, when the stoichiometry of Fe'/
FeTOT (17%) was well below that of magnetite (33%), suggests
that Fe;O, formation is not required for the reaction to
proceed and that surface-adsorbed Fe'!' may be the principal
reductant.

Environmental Significance. The relative contributions
of biotic and abiotic reactions to contaminant transformation
in soils have long been debated (67, 68). The hypothesis that
microbial reduction of iron can indirectly drive abiotic
transformation of contaminants was first proposed by Glass
(21) to explain the reductive dechlorination of DDT in flooded
soils. Since then, a growing body of literature has demon-
strated the importance of biologically generated surface Fe'"
to contaminant fate in iron-reducing environments. Using
Arrhenius studies and nitroaromatic probe compounds (NAC)
in a similar model iron-reducing system to this study,
Heijman et al. (36, 37) and Klausen et al. (38) demonstrated
that the reduction of the NACs was predominantly an abiotic
process mediated by biogenic Fe'!' adsorbed to magnetite
surfaces. Several researchers have recently shown that
reduced iron oxides or hydroxides generated by DIRB can
transform CT in subsequent abiotic reactions (27—30). The
results from this study demonstrate that a second member
of the dissimilative iron-reducing bacteria, G. metallireducens,
can biotically transform CT. Yet, in the presence of HFO, G.
metallireducens drives CT transformation primarily through
the formation of reactive mineral surfaces. Although this
suggests that biologically activated mineral surfaces may be
the principal agents of reductive transformation in iron-
reducing environments, it does not diminish the role that
DIRB play. Without G. metallireducens, no iron reduction

and, therefore, no CT reduction would have occurred in this
model system.

Although caution is needed in extrapolating laboratory
results to field conditions, these findings suggest that an
alternative approach to stimulate reductive transformation
of contaminants in iron-reducing environments may be to
enhance the formation of reactive biogenic minerals in situ.
While magnetite is not commonly encountered in typical
surface sediments (16), other Fe' species have been identified
in iron-reducing environments that are also reactive with
chlorinated solvents including ferrous sulfides (33, 43), green
rusts (31, 32), and sorbed (or surface precipitated) Fe' (27—
30). Field evidence already exists linking surface associated
biogenic Fe" with CT transformation in contaminated aquifer
plumes (69—71). It mightalso be possible to couple microbial
iron reduction to reactive barrier design to exploit the ability
of these bacteria to reactivate passivated metal surfaces (72).
Further investigation of the effect that cell/mineral interac-
tions have on contaminant fate should yield a better
understanding of natural attenuation in iron-reducing
environments and could lead to the development of novel
bioremediation strategies.
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